In Escherichia coli, thrA, metLM, and lysC encode aspartokinase isozymes that show feedback inhibition by threonine, methionine, and lysine, respectively. In vitro chemical mutagenesis of the cloned lysC gene was used to identify residues and regions of the polypeptide essential for feedback inhibition by lysine. The isolated lysine-insensitive mutants were demonstrated to have missense mutations in amino acid residues 323^352, and at position 250 of aspartokinase III. z
Introduction
In Escherichia coli, diaminopimelate, lysine, methionine, threonine, and isoleucine obtain some or all of their carbon atoms from aspartate. Aspartokinase is an enzyme that catalyzes the reaction converting aspartate into aspartyl phosphate, and is the main regulatory enzyme for the biosynthesis of aspartate-type amino acids. E. coli has three aspartokinases, and two of them are conjugated with homoserine dehydrogenase [1, 2] . One of these conjugated enzymes is aspartokinase I-homoserine dehydrogenase I (AKI-HDI), encoded by thrA at 0 min, and the other is aspartokinase II-homoserine dehydrogenase II (AKII-HDII), encoded by metLM at 89.9 min [1^4]. The activity of AKI-HDI is inhibited by threonine, and its synthesis is repressed by threonine plus isoleucine, while AKII-HDII activity is repressed by methionine [1] . In both enzymes, aspartokinase activity is localized to the N-terminal region and homoserine dehydrogenase activity is localized to the C-terminal regions [3, 4] . Aspartokinase III (AKIII), encoded by lysC at 91.1 min, is a singlefunction enzyme that is inhibited and repressed by lysine [1, 2, 5] . Thus, carbon £ow through this pathway is initially regulated through repression and feedback inhibition by the above three amino acids, with the latter quantitatively being the major control mechanism in vivo. These three genes have been cloned, and the amino acid sequences of the encoded aspartokinases have been deduced using nucleotide sequence analysis [3^5] . Several lysC mutants of E. coli [6] and Corynebacterium glutamicum [7] , and as well as thrA mutants of Serratia marcescens [8, 9] , encoding feedback-insensitive enzymes have been reported. Here we report the nucleotide sequences of four new lysC mutants encoding lysine-insensitive AKIII.
Materials and methods
2.1. Strains, plasmids, reagents, and DNA manipulations E. coli strain GT3 (thrA1016b metLM1005 lysC1004), which is de¢cient in each of the aspartokinases [2] , was used as a host for selecting lysinemediated feedback inhibition resistant lysC mutants.
Plasmid pMW119 (Wako Pure Chemical Industries, Osaka, Japan), which is a low copy number vector, was used for the cloning of the lysC gene. Plasmid pMCW contains the lysC gene cloned from E. coli W3110 (F 3 , IN(rrnD-rrnE)) [10] . Minimal medium M9 supplemented with 0.4 M lysine was used for selecting lysine-mediated feedback inhibition resistant lysC mutants. Ampicillin (100 mg l 3I ) was added as required. Manipulation of DNA was according to standard procedures [11] . The lysC genes of the wild-type and mutant plasmids were sequenced by the dideoxy chain-termination method [12] using a Taq Dye Deoxy Terminator Cycle Sequencing Kit (Perkin-Elmer) and a model 373S DNA sequencer (Perkin-Elmer).
Cloning of lysC
A 2.0-kb fragment containing the entire lysC gene was ampli¢ed from the chromosomal DNA of E. coli W3110 by the polymerase chain reaction (PCR) using two primers 5P-CTTCCCTTGTGCCAGGCTG-3P and 5P-GAATTCCTTTGCGAGCAG-3P, which are complementary to the upstream and downstream regions of lysC, respectively. The resulting fragment was digested with BamHI and AseI, and then bluntended with T4 DNA polymerase. This fragment was cloned into the SmaI site of the pMW119 and the resulting plasmid was named pMCW. The lysC region of pMCW was sequenced and it was con¢rmed that there was no point mutation in the plasmid.
Hydroxylamine mutagenesis
pMCW DNA was isolated using the Wizard Minipreps DNA puri¢cation System (Promega), in accordance with the manufacturer's protocol. For hydroxylamine mutagenesis [13] , 5 Wg of puri¢ed plasmid DNA was incubated at 75³C for 2 h in 100 Wl of sodium phosphate bu¡er (50 mM, pH 6.0) with 400 mM hydroxylamine hydrochloride and 1 mM EDTA. The treated DNA was puri¢ed with EASYTRAP (Takara Shuzo, Kyoto, Japan), in accordance with the manufacturer's protocol, and was transformed into E. coli GT3.
Assay of aspartokinase activity
Strains were grown to an optical density of 0.5^0.7 (at 600 nm) in a 500-ml Sakaguchi £ask containing 50 ml of LB medium with ampicillin at 37³C with reciprocal agitation (120 rpm). Cells were harvested by centrifugation, washed once with saline, and suspended in 4 ml of 20 mM potassium phosphate bu¡-er (pH 6.8) containing 30 mM 2-mercaptoethanol. The suspension was cooled in an ice-salt bath and sonicated for 5 min at 150 W. The sonicated samples were centrifuged at 150 000Ug for 1 h to remove unbroken cells and the supernatant was used as the crude cell extract. The aspartokinase activity of crude cell extract was assayed by the method of Stadtman et al. [14] .
Results

Selecting lysine-mediated feedback inhibition-resistant lysC mutants
Hydroxylamine-treated pMCW was transformed into E. coli GT3, which is de¢cient in each of the aspartokinases. The obtained transformants were screened for resistance to 0.4 M of lysine by culture on minimal agar containing ampicillin. Normally, only strains with an intact lysC gene (thrA metLM mutant) are prototrophic, but such strains are subject to growth inhibition by lysine, because lysinemediated feedback inhibition of lysine-sensitive aspartokinase starves the cells of threonine, methionine, and diaminopimelate. Thus, each obtained transformant was expected to harbor a plasmid with a mutant lysC gene that was lysine-mediated feedback inhibition-resistant. In order to eliminate mutations in the vector DNA, the EcoRI-HindIII fragment of each hydroxylamine-treated plasmid, containing the region of lysC, was excised and recloned into untreated pMW119, and ¢nally ¢ve lysine-resistant mutant plasmids were obtained. These plasmids were designated pMC1, pMC2, pMC6, pMC12, and pMC47.
Nucleotide sequence analysis
Subsequent sequencing was carried out by creating primers based on a previously determined sequence that encompassed the DNA. Both strands were sequenced. The nucleotide sequence and the deduced amino acid sequence of lysC have been published previously [5] . The wild-type sequence determined in the present study was identical to the one previously determined. Table 1 shows the amino acid sequence changes in ¢ve lysC mutants. The mutations of lysC1, lysC2, lysC6, lysC12, and lysC47 respectively showed transition of C to T or G to A by hydroxylamine mutagenesis at nucleotides 1031, 1034, 748, 967, and 1055 in the AKIII coding region. From each base change we predicted a single amino acid substitution, which was threonine to methionine at position 344, serine to leucine at position 345, glutamate to lysine at position 250, glycine to aspartate at position 323, and threonine to isoleucine at position 352 (Table 1) . The amino acid substitution of LysC47 at T352I was identical to that of the lysine-insensitive lysC mutant reported by Falco et al. [6] .
Assay of aspartokinase activity
The aspartokinase activity of crude cell extracts of E. coli GT3 bearing pMCW, pMC1, pMC2, pMC6, pMC12, and pMC47 was assayed by the method of Stadtman et al. [14] to determine sensitivity to feedback inhibition by lysine. The wild-type enzyme was inhibited by 0.1 M of lysine (Fig. 1) . In contrast, LysC6 (with a change at E250K) was not only resistant to lysine inhibition, but was also activated by lysine (Fig. 1) . The other mutants (LysC1 with a change at T344M, LysC2 with a change at S345L, and LysC47 with a change at T352I) were partially resistant to lysine inhibition (Fig. 1 ).
Discussion
Feedback inhibition of the AKIII enzyme is one of the regulatory sites of lysine biosynthesis. It was previously reported that the central region (corresponding to amino acid residues 300^449 of E. coli AKIII) of S. marcescens AKI-HDI is conserved in the aspartokinase family and appears to harbor a key region involved with the allosteric regulation common to aspartokinases, because amino acid changes at G330D and S352F yield threonine-insensitive AKI-HDI products [8, 9] . Similarly, a change at S300Y of C. glutamicum AK yielded a threonine-and lysineinsensitive AK product [7] , while changes at M318I Changes are underlined. Fig. 1 . Inhibition of wild-type and mutant aspartokinase III. The speci¢c activity of crude cell extracts from E. coli GT3 carrying pMCW(lysC) in the absence of lysine is de¢ned as 100%.
and T352I of E. coli AKIII yielded lysine-insensitive AKIII products [6] (Fig. 2) . In the present study, amino acid changes at T344M (LysC1), S345L (LysC2), and G323D (LysC12) in this region yielded lysine-insensitive AKIII products. In aspartokinases, there are three conserved regions: the N-terminal region (hydrophilic region), the region from amino acid residues 200 to 230 (the hydrophobic region) located near the D-P-R motif which is responsible for aspartokinase activity [9, 15] , and the central hydrophobic region of amino acid residues 300^470 (corresponding to amino acid residues 300^449 in E. coli AKIII). It has been suggested that hydrophobic interaction between the region from amino acid residues 200 to 230 and the central hydrophobic region is probably involved in the allosteric regulation of aspartokinase activity [9] . Interestingly, the LysC6 had an amino acid change at E250K in a di¡erent region from residues 3004 49. This amino acid change was located near the D-P-R motif.
